By taking account of double-wishbone independent suspension with two unequal-length arms, the coordinate values of articulated geometry are based on structural limitations and constraint equations of alignment parameters. The sensitivities of front wheel alignment parameters are analyzed using the space analytic geometry method with insight module in ADAMS5 software. The multiobjective optimization functions are designed to calculate the coordinate values of hardpoints with front suspension since the effect of time delay due to wheelbase can be easily obtained by vehicle speed. The K&C characteristics have been investigated using GA solutions in the simulation environment. The camber angle decreases from 1.152 ∘ to 1.05 ∘ and toe-in angle reduces from 1.036
Introduction
Modern automotive engineers have paid more and more attention to the suspension system almost as soon as they were always concerned about automotive performance parts and accessories more than power and acceleration [1, 2] . To correspond with the increased demand for suspension system, various optimization methods have penetrated into the practical application over the last two decades [3] [4] [5] [6] [7] . The purpose of suspension with flexibly connecting the wheels to the vehicle frame is to provide good handling and harshness with steering stability to ensure the passengers comfort while maximizing the friction between the tires and road surface.
The suspension guides respective up-and-down wheel motions by actuating two wishbone-shaped control arms comprising six mounting positions and corresponding joints. There are three joints in individualistic control arm. The two joints link with the vehicle frame and the other joint connects with the wheel hub.
The coil springs and dampers (shock absorbers) are oriented along the bell crank through the pushrods or pullrods in view of the nonlinear time delay system. The spring and damper apparatus convert up-and-down wheel motions to back-and-forth movements that capture the lagged characteristics of road excitations.
Since the double-wishbone suspension as an important chassis part can rapidly deviate from its desired path, especially the widely used unequal length of upper and lower control arm (long short arm, LSA), the kingpin inclination, small delays, or lags can lead to deteriorating the real-time vehicle performance. The optimal solution of suspension parameters can be tuned to meet the scope of tread in alignment within acceptable limit levels. As a result, because of adjusting spatial locations in the unequal-length double-wishbone suspensions, the understeering/oversteering dynamics behaviors that express "pushing" or "loose" phenomenon of a vehicle vary widely with changes in various operating conditions. From sixteenth-century wagons to nowadays Formula one, a 2 Mathematical Problems in Engineering wide range of studies that coordinates optimization method and nonlinear time delay system to enhance the ride and handling characteristics has been introduced.
Tak et al. [8] develop the kinematic static sensitivity equations to meet some prescribed performance targets during the whole optimization procedure. Suh et al. [9] conduct the influences of the change of rear suspension geometry to investigate the handling performances of a large-sized bus. Park et al. [10] discuss the ADAMS full vehicle model in driving condition based on the on-board measurements and transformation matrix. Kim et al. [11] examine effect on hands-free stability of steering and suspension design variables to prove their correlations with ADAMS/Car simulation methods. The numerical simulation models and optimal solution procedures have high degree of complexity. The sensitivity analysis has not been explicitly defined with high correlativity with suspension parameters. The shortcoming of traditional optimization algorithm has only one directional preset track.
The research results have also shown that several Genetic Algorithm (GA) control strategies [12] [13] [14] [15] are extensively investigated in the development of linkage kinematics with optimal configuration in many commercial software programs, such as ADAMS and Visual C++. Mitchell et al. evaluate the impact of multiple independent metrics with the assistance of a user selectable weighting use of GA. Yan et al. [16] study GA-optimized fuzzy controller by means of MATLAB-ADAMS union simulation. The GA gives the best performances on each optimized circuit to fasten design processes and narrows and chooses the best one from alternate optimal solutions.
The paper is organized as follows. Section 2 defines novel design method of the double-wishbone type suspension. The quasi-static suspension models are evaluated using ADAMS. The sensitivity analyses are examined with several hardpoints. The binary string with certain design valuables considered as a chromosome is determined in Section 3.1 The comparison of dynamic wheel alignments with computation suspension and steering model and actual best bench are obtained in Section 3.4. Finally, we conclude that the validation of optimization method and procedure are presented to meet prescribed performance targets in Section 4.
Modelling and Static Analysis

Background for Suspension
Model. The double-wishbone type suspension, known as an A-arm construction, is widely used for front and rear axles with separate type steering trapezium, especially in mainstream larger cars and racing cars. The double-wishbone type suspension can easily modify the interaction between the tire and the road surface to achieve the improved maximum friction. The doublewishbone type suspension has proven itself as one of the effective mechanics that enhances the ride and handling ability to steer, brake, and accelerate. Meanwhile, it has advantages in the fact that it has contributed to elimination or minimization of lateral load transfer distribution for the sake of more consistent road feeling. It is essential to design the hardpoint positions at the beginning stage through the Cartesian (absolute) coordinates in order to establish a unified standard for different work groups. The optimal method of rear hardpoint positions can be easily calculated by less constraint equations without considering the length of tie rod. The camber at steering knuckle position is designed to ensure symmetry and Ackermann geometry status during steering. Also it is a very different task for chassis assignment of checking movement interventions.
Structure of LSA Suspension.
For the double-wishbone type suspension, tie rod is the line connecting two points of spherical joints and (rack and pinion type steering system); triangle DEF and ABC are composed of upper and lower control arm, which revolve about the axis and axis, respectively. and indicate upper and lower spherical joints to the steering knuckle, separately. The axes and separately represent the steering knuckle arm and steering axis inclination (SAI), also called kingpin inclination (KPI). The axis expresses the wheel linkage with kingpin. The point can simplify to be regarded as contact point of wheel tread. As an example, a double-wishbone type front suspension system, as illustrated in Figure 1 , is a combination of steering mechanism four degrees of freedom (DOF). Thus, constraint equations can be expressed before and after moving using initial points as rigid body motion.
The constrain equations of vertical relationships can be deduced by
After LSA suspension moving, the new orientation of the ball joints (denoted by , , ) can be denoted based on the new location of SAI.
The constraint equations of constant distances can be written as The new locations of upper spherical joints connecting the steering knuckle can be expressed by
Similarly, the new positions and can be provided by
Constraint equations are solved for the corresponding locations of the lower and upper control arms using MAT-LAB.
To describe the three-dimensional kinematic model for suspension characteristics and wheel movements, the original hardpoint positions in the front-right LSA suspension system are listed in Table 1 .
Dynamic Responses.
The front LSA suspension is modelled using ADAMS as a multibody simulation tool [17] . The suspension consists of a Panhard bar to withstand the tire principal lateral force, an upper control arm, and a lower control arm which are subject to decomposing longitudinal driving, braking, and vertical forces. The steering system comprises a steering wheel, a steering column, pitman arm, rack, and pinion gearbox, as indicated in Figure 2 . The distribution coefficient of the total weight can be optimized by adjusting mount positions and spring perches of control arms.
To compare the effects of different coordinate values of hardpoints, the dynamic responses of the LSA suspension are developed to evaluate the relationship between ride comfort and handling for specifying spring stiffness and damper rate under road load conditions. The dynamics ADAMS model that is integrated with steering system and suspension system expressed as boundary conditions are developed to compare the performances of current designs.
In static analysis, the wheel travel of LSA suspension is updated with a range from −30 mm to 30 mm to reflect the changes of tread curve, as illustrated in Figure 3 . Wheel travel measures use the following convention: positive values indicate compression motion, whereas negative displacement represents extension process. The simulation results reveal significant effect of wheel travel on tire tread. The larger the wheel travel along with up or down direction varies, the higher the change rate the tire tread generates is. The proposed positions of tie rod joint and length of steering pitman arm as important structural parameters distinguish the front suspension from the rear one considering spatial constraints and attribute constraints.
Sensitivity Analysis.
The INSIGHT module from ADAMS finds the parameter sensitivity analyses that minimize the effects of road excitation or other disturbances upon the tires movement while satisfying the constraints on the double-wishbone type suspension geometry constraints. The suspension compliances are specified by variance functions that aim to describe the influence of the coordinates of hardpoints during operations. The wheel geometry parameters that affect the steerability of the vehicle are camber, caster, SAI, and toe.
The sensitivity results of wheel geometry parameters can be calculated as the steering effort and steering wheel returnability produced by the tires to predict the behaviors of vehicle as shown in Table 2 . The negative caster angles can reduce the steering effort but weaken the steering wheel returnability. Smaller SAI angles can be favourable to steering effort but deteriorate the steering wheel returnability as well. For that purpose, optimal approaches of design parameters changes used to require trade-offs to retain mutual balance. The sensitivity characteristics of different wheel alignment parameters are strongly correlated with hardpoint positions of control arms in the suspension system. In Table 2 , the different contributing levels of each hardpoint position have been revealed to their effects on the variations of wheel alignments. The SAI angle is mainly dependent on the vertical locations of , , , and points; the toe angle depends on the vertical locations of , , and points. The vertical locations of , , and points as the design important parameters have a significant effect on camber angle on steering response. The data analysis of Table 2 allows us to explore potential of optimization of the locations of critical hardpoints with multiobjective function and geometry constraints.
Optimization and Simulation
GA Optimization Method.
Genetic Algorithms as optimization techniques using powerful and global search methods imitate the processes present in natural evolution based on Darwinian's survival of the best fitness theory [18] [19] [20] [21] . Three coral and repeating stages mainly consist of selection, crossover, and mutation. Therefore, the biological individuals contained in design variables as a population can be converted into one long informative string. It is a convenient way to regard binary segments encoding the optimal parameters as a chromosome. The convergence of population members is checked and updated at each time step after the evaluation of fitness. The fitness functions are considered within 4% for all population members to guide next steps towards optimal design solutions. The best member of the current population is alive and gains higher probability of reproduction, which will form a new offspring. It is the best solution that improves individual genetic characteristics generation until the optimal fitness set is obtained.
In the selection part, multiple population members are chosen at random conditions to produce the best one based on their fitness functions. The hypothetical individuals with higher fitness are reproduced by processes of crossover and mutation to generate the new offspring. Repetition of the processes brings about evolutionary population that strengthens their fitness function. After selecting one out of three members, the process repeats until the number of selected members matches the population size. Then the mating mechanism manipulates the genomes of the parent based on crossover stage. Firstly, the two selected members create two members of the new population. Then, two members are added to create the next generation under a defined crossover limit. Since the crossover operation, the algorithm of mutation allows for the possibility that some alternatives of the available population in the initial randomly can be represented within a mutation limit set. The mutation rate uses 1% in the GA arithmetic process as shown in Figure 4 .
The procedure of the generic multiobjective GA is given as follows.
Step 1. Generate a random initialized population.
Step 2. For each objective Gen, Gen = 1, 2, . . . , , generate a random number and weight for each objective.
Step 3. Evaluate the fitness of the solution in the sorted population and calculate the selection probability of each solution. Step 4. Select parents using the selection probabilities in
Step 3.
Step 5. Apply the crossover on the selected parent pairs to create new offspring.
Step 6. Mutate the offspring created in
Step 5 with a prespecified mutation rate and put all the offspring into the new population.
Step 7. If the stopping condition (Gen = Max) is not satisfied, set Gen = Gen + 1 and go to Step 3. Otherwise, end the procedure.
GA Optimizing Suspension Model.
The aim is to find the optimal coordinates of hardpoints which are the key locations to influence on suspension characteristics according to their relative orientations. The design procedure accomplishes a suitable compromise between resolution accuracy and computational speed. In order to investigate the effect of geometry changes on suspension displacement limited to its free travel, the vertical and lateral direction of five hardpoints ( , , , , and ) are selected as optimization variables and encoded into a binary string with fixed length. The length of whole chromosome string has eight bits in GA optimization solution process because eight bits correspond to each value of parameter, , , , , , , , , , and , respectively. For example, 1 represents 00100100 which means the corresponding decimal values given as
where min and max are the limit range for the coordinates of hardpoint and represents the binary value for
The aim of the optimization work is to minimize the sum of dynamic changes of wheel alignments. The design variations of hardpoint positions could be performed for geometry constrains and multiobjective optimizations.
After the preceding analysis, a GA optimization program is compiled and verified via implementation of virtual simulations. The block diagram representation of the GA operation process is given in Figure 5 with the aim of reaching minimum error. To correspond with the actual demand for the variation ranges in the wheel alignments and LAS suspension system, the corresponding original and optimized values of hardpoint positions are shown in Table 3 .
Performance Analysis with Time Delay.
When the constraints in multiobjective optimizations are activated, the suspension system parameters, such as spring constant and damping coefficient, need to reconsider the effect of time delay on dynamic behavior due to the distance of front and rear axles (wheelbase) and different velocity. The dynamic behavior can be correctly simulated by taking into account the value of time delay caused by the road excitations at the front and rear axles
where ( ) and ( ) are displacement excitations at front and rear axles, respectively, and means time delay, which can be calculated as follows:
where and are the distance of mass center from front and rear axle, separately, and V represents vehicle speed. The parameters of vehicle are summarized in Table 4 . The white noise disturbance that generates normally distributed random numbers, such as a sequence, feeds the input of nonlinear time delay model with the following set of parameters: noise power (the road roughness coefficient) = 256 × 10 −6 and sample time = 0.01 s. For the value of time delay, corresponding velocity of vehicle is computed by (7) . V ℎ = 80 km/h indicates 1 = Figure 6 . The time delay is not a constant but varies with the vehicle speed and the road roughness coefficient. The variation of frequency characteristic is activated to diminish time delay that is followed by increasing vehicle speed. It is obvious that vehicle body acceleration increases with time delay, which deteriorates ride comfort of the driver.
The frequency response analyses from the road displacement to the body vertical acceleration and suspension distortion are obtained by high vehicle speed and low vehicle speed as in Figures 7 and 8 .
At low frequency, suspension provides a satisfied damping of the body vertical acceleration, but a bad filter of mid and high frequencies. On the other hand, a high time delay ensures a good filtering but a badly damped body vertical acceleration.
Simulation and Experiment.
To correspond with the kinematics simulation analysis, the double-wishbone type suspension is designed with understeer characteristics. The simulation and experimental curves are illustrated in comparison with original and optimization toe and camber of the front suspension travel in Figures 9 and 10 .
The camber angle decreases from 1.152 ∘ to 1.05 ∘ and toe-in angle reduces from 1.036 ∘ to 0.944 ∘ . The nonlinear suspension system with different values of time delay is investigated by numerical simulation. The travel displacements from −30 mm to 30 mm are utilized on front-right suspension. In Figure 9 , it has been proved that the typical toe-out characteristics with a negative camber angle are beneficial to maintain the track path. The toe angle has a tendency camber angle is the biggest contributor to keeping the vehicle on its straight-line path. At the compression and extension processes of suspension motion, the curves clearly indicate the hysteresis characteristic model of suspension with the optimization coordinates of hardpoint. Also there are more desirable characteristics for vehicle driving steerability than before. The kinematics and compliance (K&C) facility is constructed with optical autocollimator sensors that are used to measure the toe and camber angle, amplifiers, and data acquisition systems to record the values in the whole test course. The test bench mainly consists of six hydraulic actuators to generate longitudinal, lateral, and vertical forces on two wheels with one axle, as shown in Figure 11 . Because of the compliance steer forces, elastic bushing elements and motions between the tire and road surface in the simulation are different from the real test bench. The influence of wheel travels on front suspension is taken into account which is essential for performing the experiment of actual working situations. The similarity of both simulation and testing curves is in very good agreement with the extremes of wheel.
Conclusions
By using multibody simulation tool, the double-wishbone type suspension (LSA) system has been built up for measuring values of the geometry and kinematic qualities. The sensitivity analysis process has been derived from a nonlinear computer model in order to optimize the principal design variables of main hardpoints. Consequently, the suspension model was simulated under certain driving conditions with optimized values and different values of time delay. The GA optimal solutions have been tested and modification of coefficients was repeated for the elastic elements, such as the spring stiffness and damper. It is necessary that the computer model and prototype have been obtained to validate effectiveness of the proposed method. The simulation and computational procedure can be applied to design an optimization problem of any other kind of suspension systems.
